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This is an historic occasion. There have been 
many meetings about the genetic code during the 
past ten or twelve years but this is the first impor- 
tant one to be held since the code became known. 
When I came to the States early in 1965 I brought 
w&h me tentative allocations for many of the 64 
triplets. based mainly on the early work of Leder 
and Nirenberg, the results from the random poly- 
mers and the mutagenesis data. I telephoned 
Marshall Nirenberg, who told me of his latest 
allocations. A little later I saw Gobind Khorana 
and heard the first results he was getting using 
polymers with repeating sequences. I also visited 
George Streisinger and was told about the pre- 
liminary amino acid sequences due to a phase shift 
in the phage lysozyme. From all this we were able 
to work out the meaning of several of the remaining 
doubtful triplets. By March 1965 t’he great majority 
of triplets had been unambiguously identified and 
just a few remained unallocated. It was a most 
exciting occasion for me, travelling about the 
country and seeing how the various lines of evi- 
dence fitted together. Leslie Orgel and I were also 
able to make a shrewd guess at several anticodons, 
and it was at about this time, too, that the idea of 
“wobble” was invented. 

I thought I would use the occasion of this intro- 
duction for some reminiscences about the past, 
some reflections on the present state of the code, 
and a few words about the future development of 
the subject. 

As we all know, the genetic code is a triplet code 
of the nonoverlapping type. It is highly degenerat,e, 
in a semi-systematic way, most of the 64 triplets 
standing for one amino acid or another. It is 
universal, or nearly so. Our present knowledge of 
it can be neatly summarized by the table given at 
the beginning of this volume (page 1). 

How did ideas about coding start? Of course. the 
early work of Brachet (1944) and Caspersson (1947) 
suggested that there was a very intimate connection 
betlveen RNA and protein synthesis. We know nom 
that this was in some sense misleading, since the 
RN-1 lvhich was observed was not in fact messenger 
RS;1 but ribosomal RNA. Nevertheless the evi- 
dence served to make the idea familiar. In addition 
there was the famous “one gene-one enzyme” 
hypothesis of Beadle (1945), but this was never 

extended. as far as I knon.. to embrace the idea 
of a detailed linear code relating the two sequences. 
It is usual to quote as the first reference a paper by 
Caldwell and Hinsheln-ood. published in 1950. 
They state t,heir basic idea as follows-‘In the 
synthesis of protein, the nucleic acid. by a process 
analogous to crystallization. guides the order by 
which the various amino acids are laid down; in 
the formation of nucleic acid the converse holds, 
the protein molecule governing the order in which 
different nucleotide units are arranged.” We now 
know that. in outline, the first of these ideas is 
correct, but that the second one is quite erroneous, 
and in fact contradicts what later came to be called 
the Central Dogma. They were quite clear, however, 
that the important thing to do was to specify the 
sequence of the amino acids. and that the folding 
of the protein would follow- from the sequence. 
Their ideas about coding were confused. as can be 
seen from the following quotation: “In a protein, 
about 23 different amino acids occur, whereas in a 
nucleic acid only 5 basic units are found-two 
pyrimidine nucleotides. two purine nucleotides, 
and ribose phosphate. Clearly. there cannot be a 
one-to-one correspondence between the position of 
an individual amino acid in the protein part’ of a 
nucleoprotein and the position of an individual 
nucleotide in a, nucleic acid part. If, however, it is 
assumed that. in the synthesis of a protein at, the 
surface of a nucleic acid polymer? the amino acid 
side-chain which is guided into a particular place 
depends on the nature and relative position of two 
adjacent nucleotide units, the dificulty can be 
overcome. Twenty-five different internucleotide 
arrangements are possible, an! this is of the right 
order to give correspondence with the number of 
different possibilities in t.he protein chain.” As can 
be seen from this paragraph. Caldwell and Hinshel- 
wood have mistakenly put the ribose phosphate on 
the same level as the purines and pyrimidines. They 
did not state whether their code. which was in 
effect a doublet code. was overlapping or nonover- 
lapping. but I get the impression that they intended 
a nonoverlapping one. Although the paper \vas occa- 
sionally referred to, it does not appear to have had 
any serious influence on later thinking about coding. 

A paper which did have some influence was 
published by Alexander Dounce in 1952. This paper 
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is really concerned with possible chemical mecha- 
nisms for protein synthesis. Dounce also stated quite 
clearly what we should now call the “sequence 
hypothesis,” and in addition suggested that the 
(messenger) nucleic acid molecule is concerned in 
transferring the energy necessary for peptide bond 
synthesis. He suggested a mechanism by which 
amino acids were joined to each phosphate of the 
ribonucleic acid backbone, probably by phos- 
phoamide bonds. Since there was one amino acid 
for every nucleotide (or, as we should say, the 
coding ratio was one) he was necessarily led to 
suggest an overlapping code. The only special 
feature of this was that the triplet XYZ was given 
the same amino acid as the triplet ZYX. He cor- 
rectly pointed out that this gave forty possible 
groups. However, he did not seem to realize that a 
code of this sort might be disproved from known 
sequences, although it should be remembered that 
at that date very few polypeptide sequences had 
been worked out. It is interesting to note that the 
process of recognition of the triplets was by a set, 
of special enzymes? acting at the actual site of the 
template. 

Dounce also suggested a mechanism for syn- 
thesizing RNA from RNA, again using four special 
enzymes: with a diphosphonucleic acid as an 
intermediate. Dounce’s emphasis on the possible 
chemical mechanisms led to the coding aspect of 
his paper being somewhat overlooked. 

The idea of coding was greatly helped by know- 
ledge of the structure of DNA, published in 1953. 
Its simplicity excited many people, including 
the cosmologist, George Gamow. An abbreviated 
account of Gamow’s work first appeared in a short 
letter to Nature in 1954, and this was followed by a 
longer account in the Proceedings of the Royal 
Danish Academy. I am the proud possessor of one 
of the early drafts of this paper, then entitled 
Protein Synthesis by DNA iWolecules, the authors 
of which are G. Gamow and C. G. H. Tomkins! 
(Gamow once told me that he submitted this paper 
to the Proceedings of the National Academy but they 
rather objected to the imaginary Mr. Tomkins 
as an author and for this reason it was eventually 
published by the Royal Danish Academy, although 
with Gamow as sole author.) The paper is based on 
the idea that protein synthesis t,akes place on the 
surface of double-helical DNA and that the base 
sequence on the inside of the structure forms a 
series of cavities, each of which is specific for one of 
the amino acids. It is not stated in detail how the 
amino acids recognize these cavities, but the 
suggestion is fairly clear that they do so by the side 
chains fitting in stereo-chemically! without any 
assistance from special enzymes. 

Gamow, like Dounce, was concerned that’ the 

units in an estended polypeptide chain are sepa- 
rated by only about 3.6 or 3.7 A. and for this reason 
his code was also of the overlapping type. Concern- 
ing the number of amino acids. he says that this 
“is usually taken as twenty. although actually 
there may be a fen. more.” In fact. his Table 1 
lists 25. The first 20 includes both cystine and 
cysteic acid (sic) and also hydroxyproline. but, not 
asparagine and glutamine. The number is made up 
to 25 by the inclusion of norvaline, hydroxgglu- 
tamic acid, and canine (whatever that is). It was 
when we first saw this list. I think in the summer of 
1953, that \Vatson and I. sitting in the Eagle at 
Cambridge. drew up t!he standard list of twenty 
which we have today. 

The importance of Gamow’s work was that it was 
really an abst,ract theory of coding, and was not 
cluttered up with a lot of unnecessary chemical 
details, although his basic idea that the double- 
stranded DSA was the template for protein 
synthesis was, of course. quite wrong. What. he 
did realize clearly was that an overlapping code 
put restrictions on the amino acid sequences, and 
that it should be possible to prove, or at least 
disprove, various overlapping codes by studying 
known amino acid sequences. 

It was at about this time t,hat Gamon founded 
that strange organization. the RNA Tie Club. This 
was a club. limited to 30 members (one for each 
amino acid), of people who were interested in 
coding problems. It was not a truly representative 
group of all those in the field, but rather a hap- 
hazard collection of Gamow’s friends. There were 
also supposed to be four honorary members, one 
for each of the four bases. though I do not think 
that more than two of these were ever elected. The 
club had a special tie. designed by Gamow and made 
by a haberdasher in Los Angeles. and each member 
was supposed to have a tie-pin with the abbrevia- 
tion for his own amino acid marked on it. I have 
the tie, but I do not remember ever having had a 
tie-pin. 

A small number of papers was circulated to 
members of the club and, in particular, in about 
1955 I wrote one myself with the title “On De- 
generate Templates and the Adaptor Hypothesis.” 
This paper was never published, although parts 
of it were quoted later in a review by Mahlon 
Hoagland (1960). It starts off by discussing which 
amino acids should be included in the standard list,. 
It then goes on to point out that Gamow’s detailed 
scheme could not lvorlr for insulin. and that if the 
insulin data were combined with that for /?-corti- 
cotropin. a very neat disproof of his code was 
possible. Hoxvever. the most fundamental objection 
to Gamow’s scheme was that it did not specify the 
direction of an amino acid sequence, since the DlrTX 
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structure itself is not polar. This. of course. was a 
frequent puzzle in the early days. although it was 
realized that there might be a special mechanism 
to determine the direction of reading of the DNA. 

What the paper really did was to bring out the 
general nature of Gamom’s ideas. It pointed out 
that in Gamow’s scheme several different triplets 
could code one amino acid, and it introduced the 
lord degeneracy to describe this. It also empha- 
sized that Gamow’s code :vas an overlapping code, 
and made the interesting confession: “Watson and 
I. thinking mainly about codes by hypothetical 
RSX structures rather than by DNA! did not 
seriously consider this type of coding.” Finally it 
suggested that Gsmow’s scheme was essentially 
abstract. and only paid lip service to structural 
considerations. 

The importance of this unpublished note, how- 
ever. was that it was the first t’ime that the adaptor 
hypothesis was put down on paper. I later published 
a very short remark about it in order to give the 
idea lvider circulation (Crick. 1957). The adaptor 
was first thought of as a small molecule which was 
capable of specifically hydrogen bonding with a 
nucleic acid template. It was not, originally con- 
ceived to be as big as the present transfer RNA. 
The role of activating enzymes? howel;er, in pro- 
viding the specificity for the combination between 
an amino acid and its adaptor, was clearly stated. 

The immediat,e consequence of the adaptor 
hypothesis for the coding problem was that all 
sorts of codes were possible. and it thus became 
increasingly difficult to disprove any of them. I 
pointed out that for an overlapping triplet code 
there cannot be more than 256 different amino 
acid pairs (out of a possible 400): since any sequence 
of four base pairs implies a definite pair of amino 
acids. However, it was left to Brenner (1957) to 
make this test, more efficient, and to show that if the 
code were universal, the sequences then known made 
all fully overlapping triplet codes impossible. Even 
before this. the outlook for coding was not very 
promising. 31~ paper ends: “Altoget,her the position 
is rather discouraging. Whereas on the one hand 
the adaptor hypothesis allows one to construct, in 
theory. codes of bewildering variety, which are 
very tlificult to reject in bulk. the actual sequence 
dat,a. on the other hand. gives us hardly any hint 
of regularity, or connectedness. and suggests that 
all. or almost all sequences may be allowed. In the 
comparative isolation of Cambridge I must confess 
that there are times when I have no stomach for 
decoding.” 

Of course our basic difficulty. as we now know, 
was that the code is not overlapping and. conse- 
quently. there are few if any restrictions on amino 
aci ‘d ~eqnences. This gave the theoret,ician of those 

days no real problem on which to work. I am 
amused to notice, looking back, that 1 prefaced 
my paper with the quotation: “Is there anyone so 
utterly lost as he that seeks a nay where there is no 
way?” 

The next significant contribution to the coding 
problem turned out to be rather an unfortunate 
one. This was the idea put forward by GrifKth? 
Orgel, and myself, of a comma-less code (Crick et al. 
1957). In such a code some of the triplets stand for 
amino acids (“make sense”) while others do not, 
and are “nonsense.” Read in one phase. the message 
makes sense everywhere. Read out of phase, in 
either of the two possible ways, it makes nonsense 
everywhere, thus automatically solving the prob- 
lem of how to select the correct phase. The rule 
to be obeyed is that the overlap triplets formed bJ 
reading part of one sense triplet and part of an 
adjacent sense triplet are always nonsense. To 
our surprise we found that for a four-letter code 
the maximum number of sense triplets is 30. and 
that several codes for 20 could be written down. It 
was even possible to imagine how to include one 
or two punctuation marks in addition. 

This turned out to be ope of those nice ideas 
which is, nevertheless, completely wrong. We 
ourselves began to lose faith in it when we eventu- 
ally noticed the wide range of DNA composit,ions 
which occur in various micro-organisms. as shown 
by Belozersky and Spirin (1958) and by Lee, 
Wahl, and Barbu (1956). Unfortunately, people 
found the idea so pretty that it was widely referred 
t,o, and even found its way into a popular book on 
the subject. Personally, I was always very unde- 
cided about it, as can be seen by my review for the 
Society of Experimental Biology in 1958 (Crick, 
1958). 

By 1959 the coding problem was at a very low 
ebb. Several people had explained how they hoped 
to show that the gene and the protein it produced 
were collinear: but nobody seemed anyu,here near 
doing it. It is one of the curiosities of our subject 
that it was finally proved, using the expected 
method, only a little time before the code was 
finally worked out (Yanofsky et al., 1961). Shortly 
after this, my colleagues at Cambridge confirmed 
Yanofsky’s result in an unexpected way (Sarabhai, 
et al., 1964). 

In 1959 the sequence hypothesis still seemed 
highly likely on general grounds, but the detailed 
evidence on the base composition of DNA and 
ribosomal RNA made it difficult to produce a 
convincing scheme. At about this time Sinsbeimer 
(1959) suggested a two-let’ter rat.her than a four- 
letter code. but this was rather a desperate measure. 
Looking back, we can see clearly that what. \\‘ats 
missing was the idea of messenger RNA. When the 
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experimental evidence for this began to come in, 
t,he coding problem began to get somewhere. The 
breakthrough came, as we all know, by the dis- 
covery by Xrenberg and Matthaei (1961) that 
poly U could act as a messenger, and that it coded 
for polyphenylalanine. Shortly after this, we were 
able to produce genetic evidence strongly suggest- 
ing that the code was a triplet code (Crick et al., 
1961). By that time, the evidence from the changes 
in amino acid sequence found in mutants of human 
hemoglobin and of Tobacco Mosaic Virus, when 
added to Brenner’s argument, made it highly 
likely that the code was nonoverlapping. 

There is no need t,o give a detailed account of the 
history of the last few years, which is, in any 
case well covered by this volume and by the 
previous Cold Spring Harbor volume for 1963 
(Vol. 28). After the work using messengers of known 
composition but random sequence, mainly by 
Nirenberg’s and Ochoa’s groups, there was a pause, 
since it was not clear how to go on and find the 
order of bases within the triplets. This led to a 
flurry of theoretical papers, most of which are 
best forgotten. It was of course obvious that the 
code, although a triplet one, had doublet features, 
but it was not at all easy to arrive at an accurate 
version of the code from the data then available. 
I myself had several shots at it, but did not think 
they were worth publishing. One of the best guesses 
is a little-known paper by Rychlik and Sorm (1962), 
suggesting a predominantly doublet code. To obtain 
this, they made extensive use of the known replace- 
ments of amino acids in proteins. Their code is 
interesting because much of it has turned out to be 
approximately correct as far as the doublet aspect 
is concerned. Otherwise the best guess was by Eck 
(1963), who suggested that in one place in the triplet 
U equalled C and A equalled G. However, his 
actual allocation of triplets was erroneous in several 
places, even allowing for the fact that he had the 
bases in the wrong order. We can see now, from the 
known code, that it would have been almost 
impossible to have deduced it correctly at that time. 
Even if the detailed idea of wobble had occurred to 
anyone. there are too many possible wobble theories 
to choose from, unless one is helped by the experi- 
mental data. Moreover, the evidence itself was not 
adequate. What finally solved the problem. as we 
all know, was the triplet binding method of Leder 
and Nirenberg (1964). 

Nevertheless, theory was of some use from time 
to time as a guide to the experimentalists. It 
certainly suggested that the code was highly de- 
generate, at a time when most of those working on 
the cell-free system thought that perhaps onI:; 30 
triplets stood for amino acids. Perhaps more 
important, all the discussions about coding focused 

attention on the problem? and made it more real 
to people who might otherwise have ignored it. 

So much for the past. Now let us turn and look 
at the situation as it is today. The general position. 
as can be clearly seen from the articles in this 
volume, is that the genetic code is known? at least 
for E. coli, but that it is not known with complete 
certainty. In particular. some triplets (such as 
UGA,. AUA, and XGC) have been guessed rather 
than firmly established. One of our main problems, 
therefore, is to learn how to prove t,he meaning of 
a triplet beyond reasonable doubt. Once efficient 
methods for doing this have been worked out for 
E. co& it will easily be possible to check the code 
for other organisms. Already the excellent agree- 
ment between the code deduced for E. coli and the 
changes in amino acid sequence observed in mutant 
human hemoglobin and in mutant Tobacco Mosaic 
Virus strongly suggests that the code is very similar 
in most organisms, and this is supported by the 
limited evidence from cell-free systems. 

We must therefore examine the possible methods 
available to us. The method of triplet binding 
enables one to allocate amino acids to many of the 
64 triplets. The difficulty with the method is that 
it can only be trusted when it, gives a clear. strong, 
and unambiguous result. Unfortunately, there are 
some triplets that almost certainly code a particular 
amino acid but do not give a positive result in 
the binding test. Equally, some triplets show a 
strong binding to one amino acid but, in addition, 
a weak binding to one or two others. It is highly 
likely that most of these weak bindings are simply 
artifacts of the method. though it is just possible 
that some of them may be meaningful. 

The great advantage of the binding method is 
that it enables us to study one triplet at a time. 
The next most’ useful method appears to be the 
construction of polymers of known sequences, and 
in particular of repeating sequence, as Khorana is 
doing. In this work synthesis is used, not merely 
binding, and so far it has not produced any result 
which we have reason to suspect is unreliable. It 
should therefore be possible to confirm many, if 
not all, the 64 triplets in this way. In addition, it 
has given us what is probably t,he best evidence for 
the direction of reading. In spite of earlier results 
to the contrary. it now appears that the amino end 
of the polypeptide chain corresponds to the 5’ end of 
the mRNA. This has also been confirmed by the 
phase-shift results and by genetic means. 

Both the binding methods and the method of 
synthesis are open to the objection that one is 
using a cell-free system. and this may not be free 
from artifacts. We must therefore turn to techniques 
using intact cells. The main information we have 
here is from mutagenesis. and this has already 
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proved very valuable by confirming many features 
of the code, as well as suggesting that the code is 
probably universal. It must be used with discretion 
since, for various technical reasons, it is occasion- 
ally possible to get a mistaken result. However, 
mutagenesis never tells us the identity of a partic- 
ular triplet, but merely the relationships between 
triplets, and the same is true of the results obtained 
by the phase-shift method. The latter is especially 
useful since it is often possible to decipher un- 
ambiguously what the base sequence must have 
been. Thus it is possible not only to establish the 
meaning of a certain triplet, but to show that it 
was in fact used in an actual message. This can 
only be done by mutagenesis in special cases, such 
as those involving the ochre and amber triplets, 
and also possibly methionine and tryptophan if it 
turns out, as seems likely! that each of these has 
only a single codon. Unfortunately, it appears very 
difficult to produce enough examples of phase- 
shifts to make it a method which can be used very 
widely. 

Finally, we have the interesting possibility of 
confirming the code by studying the anticodons on 
the various transfer RNA molecules-a possibility 
first considered about 1958. At the moment this 
looks very promising. Holley originally suggested 
(Holley et al., 1965) that the triplet IGC at posi- 
tions 36 to 38 in the nucleotide sequence of yeast 
alanine tRNA might be the anticodon, and this 
has been strongly supported by the sequences 
recently worked out for two serine tRNAs and one 
tyrosine tRNA, both from yeast. Unfortunately, 
the work needed to find the nucleotide sequence of 
a large number of tRNA molecules is very con- 
siderable, especially since some of them may be 
present in rather small amounts. Moreover, we must 
be sure of the rules for pairing between codon and 
ant,icodon before we can interpret the results. I have 
suggested (Crick. 1966) what these rules should be, 
and they are set out in Table 1. The present experi- 

TABLE 1. 

Xnticodon Codon 

u -41 
GI 

C G 
-4 U 

G "i 
Cl 
u 

I 
4 

Predxttbd pairing rules 
for the thrd uosltion of the 
codon. accor’ding to Crick 
(19661. 

mental evidence, though supporting them. is a 
long way from proving them. 

Although we think we know where the anticodon 
lies on the tRNA, it is st,ill very uncertain which 
part of the tRNA is recognized by its activating 
enzyme. In particular, it is controversial whether 
the enzyme interacts at all with t,he anticodon 
itself. Personally, I would suspect the region rich in 
dihydrouridylic acid to be the main one involved. 

It is also not going to be easy without single- 
crystal X-ray work on crystals of tRNA (if they 
can be obtained) to be sure of the nay tRSA is 
folded. However, it is a reasonable hypothesis that 
the secondary and tertiary structures of different 
tRNA molecules have many common features, 
and it may be possible to deduce the folding of 
different tRNA molecules by an imaginative com- 
parison of their base sequences. The sequences 
already available appear to suggest that the “four- 
leafed clover” model, suggested (among others) by 
Holley, may be a good approximation to the 
secondary structure (Holley et al.. 1965). 

Whatever the structure of tRKX may be. it is 
unlikely to be a very simple one. It almost appears 
as if tRNA were Nature’s attempt to make an 
RNA molecule play the role of a protein. Looked 
at in this way, the many unusual bases that tRNA 
contains make good sense. It may be very difficult 
to stabihze an intricately folded molecule using 
only the four standard bases, which is all that can 
be incorporated by the normal replication process. 

Then t#here are the punctuation marks to con- 
sider. We are certain that the amber triplet (UAG) 
terminates the polypeptide chain in E. coZi infected 
with phage T4, and all the evidence suggests that 
it does so in uninfected E. coli. Recent genetic 
work ma:kes it likely that the ochre triplet (V&A), 
when it occurs as a mutant, also terminates the 
chain. We certainly suspect that the amber and 
ochre triplets, especially the latter, are used for 
natural chain termination, but t,his has get to be 
proved. Nor do we yet know the chemical mech- 
anism for releasing the polypeptide chain. 

The situation for chain initiation is also some- 
what obscure. We know that in E. coli formyl 
methioni.ne is often involved in chain initiation, 
and we know something about the relevant triplets, 
and can make a good guess at the mechanism. 
Whether there are other mechanisms for chain 
initiation in E. coli is uncertain. There is much 
that needs to be tidied up here? and we are at the 
moment unclear how chain initiation occurs in 
higher organisms. On the present evidence it seems 
that in iy. wli a triplet such as GUG stands for 
one amino acid, namely methionine, when it ini- 
tiates a chain, and another amino acid, namel) 
valine, when it is in the middle of a chain. 
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One of the results of this work on chain initiation 
has been to direct attention to the correct con- 
centration of divalent cations, especially Mg++, 
needed for accurate protein synthesis in the cell-free 
system. If a particular mRNA does not include a 
chain-initiating triplet, it can only start by making 
a mistake. This is more likely to happen at higher 
Mg++ concentrations, and thus the “optimum” 
value for Mg++ may be artificially high, and liable 
to cause other coding errors. 

Nonsense mutants bring us to the question of 
polarity-the effect of a mutation in one gene on 
the expression of a neighboring gene. It is quite 
certain that some nonsense mutants are polar, 
but the degree of polarity seems to vary with the 
position of the mutation and with the operon being 
considered. Our recent knowledge of chain-initiat- 
ing triplets may help us to explain some of these 
anomalies. 

The skeleton in our cupboard is the possibility of 
ambiguity. It may be that even in the middle of a 
message a certain triplet may stand for more than 
one amino acid. Of course, we know that this can 
happen when mistakes occur in the translation 
mechanism, either due to so-called suppressor 
genes or due to the influence of various small 
molecules, such as certain antibiotics. What is at 
issue, however, is whether in a normal cell there is 
any ambiguity of translation. If there is, it will 
make establishment of the code much more difficult. 

Even when we know the genetic code, we will 
still not know what it is that signals the beginning 
of a gene and the end of a gene, nor the beginning 
of an operon and the end of an operon. In particu- 
lar, we do not know whether these particular 
base-sequences have any special relationship to 
the genetic code proper. It seems to me that the 
whole question of regulation is at the present in 
a confused state. It is certainly not clear, for ex- 
ample, whether tRNA is normally involved in 
regulating the rate of protein synthesis in any 
important way. 

However, all these topics, which are covered at 
some length in the various papers in this sympo- 
sium, have at least one thing in common-it should 
be possible within the next few years to obtain 
precise and unambiguous answers to them. using 
bhe experimental techniques that we have available. 
The same, unfortunately, cannot be said about the 
other remaining major problem, which was dealt 
with in the last session of this meeting. That 
concerns the structure of the genetic code and its 
origin. The difficulty here, as I see it, is that it is 
not going to be easy to produce any evidence that 
will decide definitively between the various ideas 
that people are beginning to put forward. Whereas 
in t,he Fifties we had to endure a whole lot of rather 

poor papers on the nature of the genetic code. in 
the last years there has been a rash of papers on 
its structure and origin. I am considering offering 
an annual prize for the worst paper published on 
this subject---I don’t think there will ever be any 
lack of candidates for it. 

Not all the ideas so far suggested have been bad. 
It is obvious, for example. that the hydrophobic 
amino acids tend to cluster on t,be left-hand side of 
the table of the genetic code. and that the charged 
amino acids group together to some extent on 
the right-hand side. People have been showing 
great eagerness in trying to explain this? although 
nobody has invest,igated whether the present 
grouping is 1:ikely to have happened by chance: 
that is, whether by putting reasonable rest,rictions 
on the allocat,ions of triplets and drawing them out 
of a hat, one would often find so7)re grouping or 
other which looked significant, 

The main point at issue. however, is whether the 
code has a st’ructural basis, or whether it mainly 
arose by cha:nce. If the former were true there 
should be solme stereo-chemical relationship be- 
tween each amino acid and the triplets t,hat code it: 
or wit.h the corresponding anticodons. So far this 
has not been demonstrated. On the other hand, the 
adaptor hypothesis. in its extreme form, implies 
that no such stereo-chemical relationships need 
exist. We are .thus compelled to consider the origin 
and structure of tRSA, and the early mechanism 
for protein synthesis. 

The matter is discussed more fully in the paper 
by Woese and his collaborators. The point I want 
to emphasize here is that we may be heading for a 
very unhealthy situation, in that theory will run 
far ahead of useful experimental facts. One of the 
reasons that I enumerated, in this introduction, 
something of the early history of the code was to 
show how little theory was able to contribute. In 
particular, it seems highly likely that the comma- 
less code would be widely accepted today if we did 
not have such good experimental evidence against 
it, simply because it can be derived in a very elegant 
manner from *a rather sensible postulate. I hope, 
therefore, that’ when people put forward detailed 
theories about the origin of the genetic code, they 
will try if possible to produce ones which can be 
tested in some way or other. 

Meanwhile we are bound to pass through a period 
when general ideas on the subject have to be aired. 
For example, it is an obvious speculation that 
although the mechanism always moved along three 
bases at a time in reading the genetic message, the 
original code may have recognized the first two 
bases and the rather wobbly recognition of the last 
one may have been a later development. Equally, 
anyone can see that the original nucleic acid may 
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only have had two bases instead of four, and it is 
quite amusing to discuss which two it might have 
been. A possibility suggested by Leslie Orgel, 
which is not quite so obvious, is that in the begin- 
ning the two bases were adenine and inosine. But 
none of these ideas will get us very far unless we 
can fmd some way of obtaining more experimental 
evidence, either frozen in the present organisms or 
from dramatic experimental results. If somebody 
could show in several cases that there really was a 
stereo-chemical affinity between a certain triplet 
and a certain amino acid, and that this correlated 
with the genetic code, I would be more impressed 
by such experimental evidence than by any 
amount of theoretical argument or model building. 

But putting all these doubts and reservations to 
one side, one can say, looking at the papers in 
this symposium, that the elucidation of the genetic 
code is indeed a great achievement. It is, in a sense, 
the key to molecular biology because it shows how 
the two great polymer languages, the nucleic acid 
language and the protein language, are linked 
together. It is not only important to know the 
details for their own sake, but by knowing these 
details we become quite confident that our general 
ideas, such as the sequence hypothesis, are indeed 
correct. It will be difficult, after this, for doubters 
not to accept the fundamental assumptions of 
molecular biology which we have been trying to 
prove for so many years. 
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